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Abstract 
The effect of electric field strength on the electromechanical properties of crosslinked natural rubber for use in 
actuator applications was investigated. The physical and electrical properties of crosslinked natural rubber with 
various crosslinking ratios were measured under an applied external electric field. A parallel-plate melt rheometer 
was used to measure the storage modulus and the loss modulus of the crosslinked natural rubber. All experiments 
were conducted in the linear viscoelastic regime, in the frequency range of 0.1-100 rad/s and at 1% strain. In the 
absence of an applied electric field, the storage modulus increased with deceasing crosslinking ratio because of the 
greater amount of strands in the rubber gel. When the external electric field was applied, the storage modulus 
increased because of the electrostatic force between the crosslinking points. At each crosslinking ratio, the storage 
modulus was higher than the loss modulus because of the solidity of the materials. Thus, the crosslinked natural 
rubber reported here may represent an inexpensive and highly electroresponsive material with good mechanical 
properties for artificial muscle applications. 
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1. Introduction 
Electroactive polymers (EAPs) are polymers that can convert electrical energy into mechanical 
energy [1, 2]. They are suitable for intelligent materials, such as actuators, artificial muscles, sensors, 
motors, pumps and MEM devices [2]. EAPs can be divided into eight types1: piezoelectric polymers, such 
as PVDF (polyvinylidene fluoride); dielectric elastomers, such as polyurethane or PDMS; electroactive 
celluloses; liquid crystal elastomers; ionic polymer gels; ionomeric polymer metal composites (IPMCs); 
conductive polymers; and carbon nanotubes. 
The application of an external electric stimulus to EAP materials induces dipole dipole moments of 
molecules and thus induces electrostatic interactions between molecules. Higher force is required to 
deform this material, which indicates that the mechanical properties of the material have been altered. 
Several research groups have studied the electromechanical properties of synthetic elastomers, including 
those of polydimethylsiloxane (PDMS), polyurethane (PU) and ethylene propylene diene monomer 
rubber [3-5]. Natural rubber is an interesting EAP because natural rubber is inexpensive, easily fabricated 
and exhibits good flexibility [6]. However, the electromechanical properties of crosslinked natural rubber 
have not been thoroughly studied. 
Therefore, in this work, the effects of the crosslinking ratio, the electric field strength and the nature 
of the conductive polymer on the electromechanical properties of crosslinked natural rubber were 
investigated for actuator applications. These crosslinked natural rubbers may represent a new alternative 
EAP material that is inexpensive, easily fabricated and highly sensitive.  
 
2. Experiment 
 
2.1.  Materials 
 
Natural rubber latex, NR (Thai Rubber Latex, 60% dry rubber), was used as received.  Dicumyl 
peroxide, DCP (AR grade, CMT, Bangkok) was used as the crosslinker. -Dichloro-p-xylene and 
tetrahydrothiophene, THT (AR grade, Aldrich), were used to synthesize poly(p-phenylene vinylene). 
Acetone and methanol (AR grade, Merck) were used as received.  
 
2.2.  Preparation of Specimens 
 
Preparation of Crosslinked Natural rubber 
 
To investigate the effect of the crosslinking ratio on the electromechanical properties of crosslinked 
natural rubber, natural rubber latexes were fabricated with various crosslinking ratios (mol DCP/mol NR 
= 3 × 10-4, 5 × 10-4, 7 × 10-4 and 1 × 10-3 for NR1, NR2, NR3 and NR4, respectively). The natural rubber 
latex was mixed with DCP at various ratios and the mixtures were then cast into molds and left at 155 °C 
for 10 min. 
 
Synthesis of Poly(p-phenylene vinylene) 
 
To investigate the effect of the introduction of a conductive polymer on the electromechanical 
properties of a conductive polymer and natural rubber blend, poly(p-phenylene vinylene), PPV, was 
synthesized and blended with natural rubber. The PPV was synthesized via a polyelectrolyte precursor 
according to the method of Burn et al. (1992) [7]. To a suspension of 10 g of -dichloro-p-xylene in 
150 mL of methanol was added 15 mL of tetrahydrothiophene, THT. The resulting mixture was heated in 
a 50 °C oil bath overnight, and 250 mL of acetone was added to precipitate the salt p-phenylene 
dimethylene bis tetramethylene sulfonium chloride. The mixture was stirred in an ice bath for 0.5 hr 
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before filtration. The obtained white solid salt was washed with acetone and dried under vacuum at room 
temperature until two sequential weighings indicated the same mass. The yield was 85% [7]. Then, 1.0 g 
of the washed and dried salt was dissolved in 7.5 mL of methanol and then cooled to 0 °C. This mixture 
was subsequently added to 6.3 cm3 of aqueous sodium hydroxide (0.4 M). After 120 min, 1 cm3 of 
hydrochloric acid (0.4 M) was added to stop the reaction. The solution, with a volume of 14.8 cm3, was 
then dialyzed against a water ethanol mixture (1:1, 3 × 1000 cm3) for a period of three days. After the 
solution cooled, the aqueous solution of poly[(p-phenylene) bis(tetrahydrothiophene chloride)] was 
poured onto a glass dish and allowed to evaporate at room temperature in a free air stream. After 24 
hours, the yellowish-green precursor films were heated at 200 °C for 16 hr in a vacuum oven to yield PPV 
films. The obtained PPV films were ground in a jar mill for 2 days. 
 
Preparation of Poly(p-phenylene vinylene)/Natural Rubber Blend, PPV/NR 
 
The PPV/NR was prepared by blending 10% w/w PPV in natural rubber at a crosslinker ratio of 3 × 
10-4. The solution mixtures were cast into the mold and were heated at 155 °C for 10 min. 
 
2.3. Measurements of Electromechanical Properties 
 
A melt rheometer (Rheometric Scientific, ARES) was used to measure the electromechanical 
properties of the crosslinked natural rubber and conductive polymer/natural rubber blends.  It was fitted 
with a custom-built copper parallel plates fixture (diameter of 25 mm). A DC voltage was applied using a 
DC power supply (Instek, GFG 8216A), which could deliver an electric field strength of 1.5 kV/mm. A 
digital multimeter was used to monitor the voltage input. The oscillatory shear strain was applied, and the 
dynamic moduli (storage modulus (G') and loss modulus (G")) were measured as functions of the 
frequency and the electric field strength. Strain sweep tests were first performed to determine the suitable 
strains for the measurement of G' and G" in the linear viscoelastic regime. The appropriate strains of 
crosslinked NR and PPV/NR are 1%. The frequency sweep tests were performed to measure G' for each 
sample as functions of the frequency and the electric fields (0 and 1.5 kV/mm). The deformation 
frequency was varied from 0.1 to 100 rad/s. Each sample was presheared at a low frequency ( 0.04 rad/s), 
and then the electric field was applied for 10 minutes to ensure the formation of equilibrium polarization 
before the G' measurements. Experiments were performed at 27 ºC and were repeated at least two times.  
 
2.4.  Bending Response 
 
The effect of crosslinking ratio and electric field strength on bending response of crosslinked natural 
rubbers were finally investigated. The degree of bending at various electric field strengths can be 
described by parameter d, l and q as shown in Fig.1. The natural rubber gels were vertically suspended 
inti silicone oil between a pair of parallel copper electrode plates. A high DC voltage supply was applied 
the electric field strength of 0-400 V/mm in non-contact mode through electrodes. The bending response 
was analyzed by video camera. All measurements were performed at ambient temperature (27 oC) 
 
 
 
 
 
 
 
 
 
700   Sumonman Niamlang et al. /  Energy Procedia  34 ( 2013 )  697 – 704 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Bending response measurement 
 
3. Results and Discussion 
 
3.1. The Effect of the Crosslinking Ratio on the Mechanical Properties of Crosslinked NR 
 
To investigate the effect of the crosslinking ratio on the mechanical properties, NR gels were 
prepared with various crosslinking ratios. The dynamic moduli of the crosslinked NR gels were measured 
over frequency range of 0.1-
increasing crosslinking ratio, as tabulated in Table 1 and Fig. 2. As the crosslinking ratio was increased, 
the number of strands in the elastomer matrix increased, and thus a higher shear force was required forced 
to deform the elastomer matrix [8].  The results correspond to the theory of rubber elasticity. The modulus 
depends on the crosslink density: 
 
   (1) 
 
where  is the crosslink density expressed in moles of elastically effective network chains per cubic 
centimeter of sample, is the storage modulus of the cured network, and T is the absolute temperature at 
which the experimental modulus is determined [9]. 
 
3.2. The Effect of External Electric Field on the Electromechanical Properties of Crosslinked NR 
 
To study the effect of an external electric field on the electromechanical properties of the crosslinked 
crosslinking ratio and electric field strength, as shown in Table 2. When the external electric stimulus was 
applied, the crosslinking points were polarized and dipole dipole interactions were generated; therefore, a 
higher shear force was required to deform this crosslinked NR gels [8,10].    
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Table 1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The storage modulus response, 
 E 0). The 
with increasing crosslinking ratio and reached a maximum value at NR3 (crosslinking ratio = 7 × 10-4) 
because, at higher crosslinking ratios, a higher number of dipole dipole interactions exist between the 
crosslinking points. Because the crosslinking ratio was greater than 7 × 10-4, the 
rigidity of the crosslinked NR [11]. The dipole dipole interactions between the crosslinking points cannot 
overcome the stiffness of an NR gel with a high crosslinking; thus, the storage modulus response was 
lower than that of the flexible crosslinked NR systems [12]. 
 
 
3.3.  The Effect of the Conductive Polymer on the Electromechanical Properties of a Natural Rubber 
Blend 
 
Poly(p-phenylene vinylene), PPV, was successfully synthesized via a polyelectrolyte precursor. The 
crosslinked NR with a similar crosslinking ratio (3 × 10-3). The results might be explained by the 
interruption of conductive polymers in the crosslinking reaction, as shown in Table 3. The storage 
modulus responses, m, as 
shown in Table 4. Because of the addition of the conductive polymer in the elastomer system, the dipole 
Sample 
 
Crosslinking ratio 
(mol DCP/mol NR) 
100 rad s 
  
NR 1 3×10-4 20 ± 42 3 ±  
NR 2 5×10-4 1± 60 4 ± 12 
NR 3 7×10-4 6 ± 28 3 ± 12 
NR 4 1×10-  7 ± 42   
Sample 
 
Crosslinking ratio 
(mol DCP/mol NR) 
100 rad s 
  
NR 1 3×10-4 33884± 43 800± 3 
NR 2 5×10-4 ± 18 ± 7 
NR 3 7×10-4 64580± 47 855± 5 
NR 4 1×10-  ± 54  
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moment of the conductive polymer was increased, as did the interference of the dipole dipole interactions 
between the crosslinking points; thus, the [13]. 
 
Table 3. p-phenylene vinylene)/natural rubber blend at electric field strengths of 0 and 
1.5 kV/mm 
 
 
 
 
 
 
 
 
 
Table 4. The storage modulus response of crosslinked natural rubber and a poly(p-phenylene vinylene)/natural rubber blend  
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Fig. 2. The storage modulus of crosslinked natural rubber at various crosslinking ratios at electric field strengths of 0 and 1.5 V/mm 
 
3.4. Bending response 
  
Fig.3 showed the effect of electric field strength on the degree of bending of NR1 gel, suspended in 
the silicone oil (100 Cst). When the external electric field strength was applied, the NR gel deflects 
toward to anode electrode. When the electric field is applied the functional group and strand are polarized 
and ionic interaction between generated dipole moment and electrode is occurred. The degree of bending 
in increase with increasing electric field strength as shown in Fig. 4. As higher electric field strength was 
applied, stronger dipole moment was generated, stronger interaction between dipole moment and 
electrode was occurred, resulting in higher degree of bending. 
Sample 
 
E 
(V/mm) 
100 rad s 
  
NR1/PPV 0 0 ± 65 0 ± 10 
NR1/PPV 1500 0 ± 50 30 ± 6 
Sample 
 
Crosslinking ratio 
(mol DCP/mol NR) 
  (Pa) at 100 
rad s 
NR 1 3×10 4 6 
NR1/PPV 3×10 4 1340 
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Fig. 3 Bending response of NR1 at E = 0  400 V/mm 
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Fig.4 Degree of bending of crosslinked natyral rubber at various electric field strength 
  
When external electric field was supplied, the dipole moments at the strand networks are generated. 
The anionic pole tends to interact with cathode electrode thus the bending toward cathode electrode is 
occurred.   
 
4. Conclusion 
 
In this work, the electromechanical properties of crosslinked natural rubber were investigated 
through examination of the effects of the crosslinking ratio and the electric field strength on the dynamic 
storage modulus (G') under oscillatory shear mode. The experiments were performed under electric field 
strengths of 0 and 1.5  increased with 
increasing crosslinking ratio because, at high crosslinking ratios, the system contains a higher number of 
strands in the elastomer matrix. When the external electric field was app
increased because the electric field induced dipole dipole interactions between the crosslinking points. 
The storage modulus response,  and reached a maximum 
value at a crosslinking ratio of 7 × 10-4.  The 
ratio greater than 7 × 10-4 decreased due to the lower flexibility of the crosslinked NR gel. After the 
of the crosslinked NR system because of the interruption of PPV during the crosslinking process. 
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Thus, natural rubber may represent a new class of inexpensive and highly electroresponsive materials 
for actuator applications. 
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